LHC IR1/IR5

TI2 TI8
PROTON BEAM #1 IS INJECTED CLOCKWISE AT STRAIGHT 2; B2 IS INJECTED COUNTER-CW AT

STRAIGHT 8.
BEAMS CROSS BETWEEN THE INNER & OUTER RINGS AT INSERTIONS 1, 2, 5 & 8 TO MAINTAIN

EQUAL PATH LENGTHS.
IR'S 1 & 5 (ATLAS & CMS) ARE LOW-P (~55 CM), HIGH LUMINOSITY (1034 cM-2sEc-1) INSERTS
WITH IDENTICAL HARDWARE.
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IR1/IR5 OPTICAL & TECHNICAL CONSTRAINTS

BDMUST BE SMOOTHLY TUNABLE, FROM 18 M AT INJECTION — 0.50 M AT COLLISIONS (11M &
0.55M ALSO APPEAR IN THE LITERATURE).

THERE ARE 14 OPTICAL MATCHING CONSTRAINTS:
* Hx & My ARE FIXED ACROSS THE INTERACTION REGION FROM INJECTION THROUGH TO
COLLISIONS (UNLIKE THE TEVATRON).
* MATCHING AT THE IP TO: Bx = By = B"; ax = ay = a* = 0; nx" =0, AND; nx’* = 0 GIVES 6
CONSTRAINTS. MATCHING BACK INTO THE ARCS GIVES ANOTHER 6.

CONTROL OF BEAM SIZE AND SEPARATION REQUIRES QUAD GRADIENTS TO VARY SMOOTHLY
THROUGH THE SQUEEZE. (NO DELTA FUNCTIONS, CUSPS, OR DISCONTINUITIES ..... duh).

INJECTION GRADIENTS AT 450 GEV MUST BE = 3% OF NOMINAL GRADIENTS [ AT FLATTOP THE
GRADIENTS BEFORE THE SQUEEZE ARE > 45% OF THEIR COLLISION OPTICS VALUES ... A HUGE
CONSTRAINT ON THE IR DESIGN & OPTICS PROGRESSION OF THE LOW-[3 SQUEEZE.

THE BEAM SIZE MUST FIT WITHIN THE TIGHT LHC APERTURE:
e TRIPLET APERTURE IS DETERMINED BY Bmax AND THE BEAM CROSSING ANGLE AT THE IP.
* BEAM SCREENS ARE INSTALLED IN ALL IR MAGNETS.
* OPERATIONAL APERTURE OF THE COLLIMATORS IS 70.

THE DESIGN CONSTRAINT IS THAT MECHANICAL APERTURE N = 70 FOR ALL COLD ELEMENTS:
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IR LAYOUT
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THE MAIN IR MAGNETS SPAN A 269 M STRAIGHT SECTION EACH SIDE OF THE IP, WITH 23 M
EACH SIDE OF THE IP RESERVED FOR THE DETECTOR.

THE ANTISYMMETRIC LOW-[3 TRIPLETS PROVIDE OPPOSITE FOCUSING FOR THE COUNTER-
ROTATING BEAMS. Q1, Q24 B, & Q3 ARE SINGLE BORE MAGNETS WITH GRADIENTS OF 200 T/M.

D1 & D2 BRING THE BEAMS TOGETHER AT THE IP & SEPARATE THEM BY 194 MM INTO SEPARATE
CHANNELS BY QUADRUPOLE Q4. D1 NEXT TO Q3 HAS A SINGLE BORE AND CONSISTS OF SIX 3.4M
LONG CONVENTIONAL WARM MAGNETS. 71M DOWNSTREAM D2 REMOVES THE BEAM SEPARATION
ANGLE. D2 IS A 9.45M DOUBLE-BORE, SUPERCONDUCTING DIPOLE.

Q4, Q5, Q6, & Q7a B ARE DOUBLE-BORE MATCHING QUADRUPOLES. Q4 HAS A LARGER APERTURE
TO ACCOMMODATE THE IP CROSSING ANGLE SEPARATION ORBIT.

AN ABSORBER INBOARD OF Q1 PROTECTS THE TRIPLET & ANOTHER ABSORBER IN FRONT OF D2
PROTECTS OTHER MACHINE ELEMENTS.
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REMAINING IR MATCHING QUADS
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* QUADS Q8, Q9, & Q10 IN THE DISPERSION SUPPRESSERS ARE POWERED INDIVIDUALLY, AND
ALSO THE EXTRA-LONG QTL TRIM AT Q11.

* INDEPENDENTLY-POWERED TRIMS AT Q12 AND Q13 IN THE ARC COMPLETE THE OPTICAL MATCH.

e EVENIF THE TRIPLET Q1, Q2, Q3 ARE POWERED IN SERIES, AND Q4 - Q7 ARE POWERED
STRICTLY ANTI-SYMMETRICALLY THERE ARE STILL 17 VARIABLE GRADIENTS TO MATCH JUST 14

OPTICAL CONSTRAINTS.
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TRIPLET

MATCHING SECTION

DISPERSION SUPPRESSOR ARC
MAGNET | Q1 | @2 | @3 | @4 | o5 | 06 | @7 | @8 | Q9 | Q10 |QT11|QT12|0QT13
# 1 2 1 1 1 1 2 1 2 1 1 1 1
TYPE MQ- | XL X | XL ML ML | M | ML | TL T
C
L (M) 63 | 55 | 63 | 34 | 48 | 48 | 3.4 | 48 | 34 | 48 | 1.15]|0.32 [0.32
2.4
G (T/M) 200 160 200 200 110 110
T (K) 1.9 4.5 1.9 1.9 1.9
BORE(MM) 63 63 50 50 50
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B fm

IR OPTICS (BEAM 1)
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INJECTION COLLISIONS

. B*=18.0M « B"=0.50Mm

* Bmax=315M @ Q6 * PBmax =4750 M @ TRIPLETS
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COLLISION OPTICS (BEAM #1 VS BEAM #2)
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* RING 2 INSERTION QUADRUPOLES ARE NOT SIMPLY POWERED WITH OPPOSITE POLARITY TO
THOSE IN RING 1. THIS IS BECAUSE RING 1 & 2 LATTICE FUNCTIONS ARE ONLY APPROXIMATELY
ANTI-SYMMETRIC. TWO SOURCES OF VARIATIONS ARE DUE TO:

* CROSSING OF THE BEAMS BETWEEN INNER & OUTER RINGS REQUIRES DIFFERENT
GRADIENTS TO MATCH DISPERSION FUNCTIONS, AND;

* THE LEFT & RIGHT Q8’'S ARE NOT POSITIONED EQUIDISTANT FROM THE IP; /.e.; THE
LEFT & RIGHT SIDES OF THE IP ARE NOT MIRROR IMAGES.
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INJECTION OPTICS (B*=18.0M VS *=11.0 M)
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« B*=18.0M « B*=11.0M

* PBmax=315M @ Q6 e PBmax =230 M@ Q6 & TRIPLETS

B* = 18.0 M IS THE "OFFICIAL" INJECTION VALUE APPEARING IN THE LHC DESIGN HANDBOOK,

BUT....

B*=11.0 M PRODUCES A Bmax OF JUST ~230 M [c/. Pmax ~180 M IN THE ARCS] (?).
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IR1/IR5 CROSSING ANGLE SCHEMES

THE LIMIT ON BUNCH INTENSITY WILL ULTIMATELY COME FROM BEAM-BEAM EFFECTS. WITH 25
nsec BUNCH SPACING PARASITIC COLLISIONS OCCUR EVERY 3.75 M THROUGH REGIONS WHERE THE
BEAMS SHARE A COMMON VACUUM CHAMBER. THERE ARE 15 SUCH UNWANTED INTERACTIONS EACH
SIDE OF THE IP.

CROSSING ANGLES AT THE IP ARE UNAVOIDABLE TO SEPARATE THE BEAMS RAPIDLY & LIMIT THE
DAMAGE OF THESE PARASITIC CROSSINGS. FROM INJECTION THROUGH THE RAMP & LOW-[3
SQUEEZE THE QUASI HEAD-ON COLLISIONS AT THE IP MUST ALSO BE AVOIDED.

HORIZONTAL & VERTICAL ORBIT CORRECTORS IN THE VICINITIES OF THE Q4, Q5 & Q6
QUADRUPOLES AT IP1 & IP5 ARE USED TO CONTROL THE CROSSING ANGLE & ALSO THE PARALLEL
BEAM SEPARATION AT THE IP’S. AT IP1 CROSSINGS DURING COLLISIONS OCCUR IN THE VERTICAL
PLANE, WHILE AT IP5 CROSSING IS IN THE HORIZONTAL PLANE.

THE "OPTIMUM" CHOICE OF CROSSING ANGLE IS A COMPROMISE — BEAM-BEAM EFFECTS REDUCE
WITH INCREASING 0’S OF SEPARATION, FAVORING A LARGE 0; BUT BEAMS TRAVELING OFF-AXIS
THROUGH THE TRIPLET CONSUME APERTURE & EXPOSE THE BEAMS TO POOR FIELD REGIONS, BOTH
EFFECTS FAVORING A SMALL 6. FURTHER, LUMINOSITY DECREASES WITH CROSSING ANGLE AS:
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STATE B* HALF CROSSING B4 | VERTICAL ORBIT | SEP p | SEP min
(m) (urad) (mm) (0) (0)
INJECTION 18.0 160.0 2.50 13.3 10.5
RAMP 18.0 40.0 0.625 13.3 10.5
PRE-COLLISION | 0.55 142.5 0.50 60 6.9
COLLISION 0.55 142.5* 0.0 0.0 6.9

* Oy =-142.5 prad & ex = 22.5 um (95% normalized) gives 9.40 separation at the 1st parasitic crossing,
but drops to a minimum of 6.9¢ at the 10th crossing.
Luminosity reduction factor F(6y) = 0.84 for oz = 0.0755 m.
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BEAM SEPARATION AT IP5 DURING COLLISIONS

(B* = 0.55 M)
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MACHINE APERTURE MEASURED IN_BEAM O
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THE DS CELLS LEFT & RIGHT OF THE IP.
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